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ARTICLE
How do shellfisheries influence genetic connectivity in
metapopulations? A modeling study examining the role of
lower size limits in oyster fisheries
Daphne M. Munroe, Eileen E. Hofmann, Eric N. Powell, and John M. Klinck
Abstract: Fisheries can potentially alter evolutionary processes such as genetic connectivity and lead to genotypic changes in
stocks. Using an individual-based metapopulation genetics model, we examined the possible influence of oyster (Crassostrea
virginica) fisheries on genetic connectivity. We simulated a range of realistic fishing pressures, with and without a minimum size
limit (limit = 63.5 mm), over a range of fishing scenarios including single-area and stock-wide fisheries. Movement of a neutral
marker gene provided an indicator of gene transfer between populations. Simulations showed that fishing may alter genetic
connectivity. Increasing fishing pressure tended to decrease potential for fished populations to export genes in fisheries with and
without size limits. On average, when instantaneous fishing mortality, location, and time period are held constant, fishing
unrestricted by size results in a 3.5% lower allele export. Depression of the spawning potential ratio by unrestricted fishing
relative to size-limited fishing argues for more conservative fishing mortality targets for unrestricted fisheries. These results
demonstrate the importance of considering the influence of fisheries on source–sink dynamics in future management of marine
populations.
Résumé : Les pêches peuvent éventuellement modifier des processus évolutionnaires comme la connectivité génétique et ainsi
mener à des changements génotypiques dans les stocks. À l’aide d’un modèle de génétique des métapopulations basé sur les
individus, nous avons examiné l’influence possible de la pêche à l’huître (Crassostrea virginica) sur la connectivité génétique. Nous
avons simulé différentes pressions de pêche vraisemblables, avec et sans limite de taille minimum (taille limite = 63,5 mm), pour
différents scénarios de pêche dont la pêche limitée à une seule région et la pêche à l’échelle du stock. Les déplacements d’un gène
marqueur neutre constituaient un indicateur du transfert de gènes entre populations. Des simulations ont démontré que la
pêche peut modifier la connectivité génétique. Une pression de pêche accrue tendait à réduire le potentiel d’exportation de
gênes par les populations exploitées dans le cadre de pêches avec ou sans limite de taille. En moyenne, pour un taux de mortalité
par pêche instantané, un emplacement et une période de temps constants, la pêche sans limite de taille se traduit par
une exportation d’allèles de 3,5 % inférieure à celle de la pêche avec limite de taille. Le potentiel reproducteur relatif plus faible
associé à la pêche sans limite de taille par rapport à la pêche avec limite de taille milite en faveur de cibles de mortalité par pêche
plus prudentes pour les pêches sans limite de taille. Ces résultats démontrent l’importance de tenir compte de l’influence des
pêches sur la dynamique des sources et puits dans la gestion future des populations marines. [Traduit par la Rédaction]
Introduction
Fishing can cause changes in the genetics of exploited popula-
tions (reviews: Allendorf et al. 2008; Hutchings and Fraser 2008;
Dunlop et al. 2009). This phenomenon, sometimes termed fisheries-
induced evolution, occurs when fishing mortality leads to changes
in the frequency of certain traits (phenotypes) in the fished
stock. Various examples of this phenomenon exist: some include
changes in maturation timing (Barot et al. 2004; Olsen et al. 2004;
Gårdmark and Dieckmann 2006; Kendall and Quinn 2012), fecun-
dity (Yoneda and Wright 2004; Walsh et al. 2006), body size
(Kendall et al. 2009; Olsen et al. 2009), and growth (Ricker 1981;
Conover and Munch 2002; Swain et al. 2007; Nusslé et al. 2009).
These changes in a fished population can be a result of either phe-
notypic plasticity, a nonselective response to changes in the environ-
ment due to fishing (e.g., density-dependent responses to reduced
population), or changes in genotype through selective fishery pro-
cesses (Heino and Dieckmann 2008; Sharpe and Hendry 2009). These
two outcomes are difficult to differentiate and likely act together
with many other factors. The evolutionary impact of fisheries is an
important question as it relates to ecosystem functioning and re-
source sustainability (Jørgensen et al. 2007).
Genetic connectivity among populations controls how selected
alleles are shared among populations both within and outside of the
fished stock (Hendry et al. 2011). The degree of connectivity among
populations has direct consequences for species evolution, develop-
ment of disease resistance, local adaptation, and capacity of a meta-
population to adapt to climate change (Levin 2006; Cowen and
Sponaugle 2009; Connolly and Baird 2010). Fishing mortality has the
potential to influence genetic connectivity among populations
through changes in relative demography of the connected popula-
tions. Previous model results have demonstrated that when mortal-
ity in a given population is higher than that of adjacent populations,
the relative mortality gradient causes decreased overall reproductive
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potential, and thus the ability to export neutral alleles is diminished
relative to other populations (Munroe et al. 2012). In their simula-
tions, Munroe et al. (2012) used the same modeling approach em-
ployed here to test model sensitivity to various local demographic
patterns and larval dispersal patterns. Their simulations demon-
strated that changes in neutral alleles over time in an oyster meta-
population are influenced by spatial structure in local demographic
characteristics like mortality and population abundance. Fishing
mortality is often unevenly distributed over the range of the stock;
fisheries may target animals that are more easily accessible (closer to
ports), that are outside protected areas, or those with higher growth.
By changing the magnitude and spatial patterns of mortality, fishing
has the potential to alter the transfer of neutral alleles and ultimately
genetic connectivity.
Individual-based models that allow explicit tracking of genetic
markers have been used successfully to study fisheries-induced
evolution (Dunlop et al. 2007, 2009; Enberg et al. 2009; Wang and
Höök 2009). Integration of these genetic models with dynamic
metapopulation models provides an important tool for under-
standing the complexities of genetic connectivity (Epperson et al.
2010; Frank et al. 2011; Lamy et al. 2012). Many adaptive and evo-
lutionary processes of broad interest to fisheries may result from
a combination of genetic connectivity and selective forces; however,
the activity of fishing may influence genotype even without exerting
selective pressure on the population. In this modeling exercise, we
simulate neutral allele dynamics in a metapopulation to focus on the
dynamics of neutral alleles under the influence of a range of fishing
activities. Our goal is to examine the degree to which these fishing
activities influence the exchange of alleles among populations even
in the absence of selective pressure.
To examine this question, we used oyster fisheries as our model
system. Oysters are sessile filter-feeding bivalves. The eastern oys-
ter (Crassostrea virginica) is native to the Gulf of Mexico and Atlantic
coast of the United States and is the target species of the oyster
fishery in those regions. Eastern oysters have a pelagic larval stage
lasting 2–4 weeks (Kennedy 1996), after which they attach to hard
substrates (often reefs or rocks) where they live as adults. Pelagic
larval dispersal is the mechanism for genetic exchange among
populations, and dispersal is controlled by hydrodynamics (Bertness
et al. 1996; Pineda 1999; Gawarkiewicz et al. 2007; Narváez et al.
2012a, 2012b), larval swimming behaviour (DiBacco et al. 2001;
Metaxas 2001; Shanks and Brink 2005), and larval life span
(Grantham et al. 2003).
The fishery for C. virginica in the United States is economically
important; an estimated 18.2 million lbs (1 lb = 0.454 kg) of meats
were landed in 2010, with a value of US$76.2 million (Lowther 2011).
Declines in the extent of C. virginica reefs in these regions (Beck et al.
2009; Zu Ermgassen et al. 2012) and consequent fishery declines
(Mann et al. 1991; Jackson et al. 2001; MacKenzie 2007) are the result
of increased disease pressure from two major oyster pathogens, Per-
kinsus marinus and Haplosporidium nelsoni (Ford and Tripp 1996), as well
as historical overharvest (Rothschild et al. 1994; Wilberg et al. 2011).
The current fishery uses a variety of harvest techniques depending
on the fishery location and local regulations; techniques include
intertidal collection, hand tonging, hydraulic tonging, and dredging.
Oyster fisheries can be of two types: one is sometimes called a sack or
direct-market fishery that targets large oysters and has a lower size
limit. The other type, a seed fishery, harvests oysters of all sizes. The
primary goal of the seed fishery is the transplantation of smaller
animals to better growing areas or privately maintained leases
(Chatry et al. 1983; Dugas 1988; Fegley et al. 2003).
The specific fishery that we used as our model system is the
oyster fishery in Delaware Bay. The Delaware Bay oyster fishery is
a useful model system in which to examine the influence of fish-
ing pressure and fishery type on genetic connectivity. In Delaware
Bay, the commercial oyster fishery is carried out primarily on
powered vessels deploying one dredge aft or two dredges abeam.
The fishery in Delaware Bay landed 94 470 bushels (1 bushel = 37 L)
of oysters in 2011 (Haskin Shellfish Research Laboratory 2012). Like
many C. virginica stocks along the Atlantic and Gulf coasts of the
United States, adult natural mortality rates for oysters in Dela-
ware Bay range from <5% to 55% per year, with elevated rates
principally being the product of disease mortality from Perkinsus
marinus infection (Dermo disease: Ford and Tripp 1996; Bushek
et al. 2012). This high natural mortality limits sustainable yield for
the fishery. As a consequence, genetic connectivity and the evolu-
tion of disease resistance in the metapopulation and how these
processes are influenced by the fishery is of interest (Hofmann
et al. 2009). Moreover, because these characteristics are represen-
tative of most oyster-producing regions along the Gulf of Mexico
and Atlantic coasts of the United States, the Delaware Bay case is
a broadly applicable example. Unlike many of these areas, how-
ever, the oyster populations in Delaware Bay have been continu-
ally assessed since 1953 (Ford 1997) and managed sustainably since
the early 1960s (Powell et al. 2008), resulting in a 59-year time
series that we use here to parameterize these simulations.
The first goal of this study was to use a spatially explicit individual-
based eco-genetic numerical model to examine the possible influ-
ence of fishing mortality on genetic connectivity. The second goal of
this study was to determine how size-selective fisheries (sack fishing)
versus size nonselective fisheries (seed fishing) influence genetic con-
nectivity among populations. We hypothesize that these two types of
fisheries will influence genetic connectivity differently because in
one case (sack fishery), fishing mortality is applied after animals
reach maturity, whereas in the other (seed fishery), many animals
are removed from the population before first reproduction. It is con-
sequently possible that seed fisheries will exert a greater influence
on genetic connectivity than sack fisheries. Assessing genetic con-
nectivity empirically is difficult. Larval tracking is challenging, and
genetic data often offer snapshots in time that may be subject to
substantial yearly variation. Therefore, we used a metapopulation
numerical modeling approach to assess the possible influence of
these two fishery types on genetic connectivity.
Materials and methods
The model
The Dynamic Population Genetics Engine (DyPoGEn) (Munroe
et al. 2012; Powell et al. 2011a, 2011b) is a numerical model that
simulates metapopulation genetic structure and population
dynamics. The model incorporates a number of characteristics
urged by Lambert (2010) to be included in models of population
genetics, including varying population abundance determined by
time-varying rates of recruitment and mortality. The model was
parameterized to simulate a metapopulation containing four pop-
ulations of eastern oyster (Crassostrea virginica), connected by lar-
val dispersal in Delaware Bay for two time periods: the decade of
the 1970s and the decade of the 2000s (further discussion of the
populations during these time periods is provided subsequently).
Locations of the four populations within Delaware Bay on the
Mid-Atlantic coast of the United States are shown in Fig. 1. Addi-
tional history of the Delaware Bay oyster population and its fish-
ery is provided in Ford (1997) and Powell et al. (2008, 2009).
Each simulated population is composed of multiple cohorts of
oysters, with populations interacting via larval dispersal. Larvae
are created from parent pairs via independent assortment of pa-
rental genotypes to simulate meiosis and random egg fertiliza-
tion. Larvae produced in each population can remain within the
source population (self-recruitment) or disperse to any of the
other populations (dispersal rates shown in Table 1). Many pro-
cesses in the model (equations described below) depend on a
random draw. Random draws (R) use a pseudo-random number
generator function (described by Press et al. 1986) from a uniform
distribution with a range between 0 and 1. Whenever a normal
deviate (N) is required, the gasdev routine of Press et al. (1986) is
used to obtain a random deviate from a zero mean, unit variance
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normal distribution. Repeat simulations using different sequences
of random numbers returned results with only modest variations in
scale and trend in initial trials. Consequently, results are provided
only for single simulations for each set of parameter values.
The DyPoGEn model has three basic components: (i) a post-
settlement population dynamics submodel that contains param-
eterizations for growth, mortality, and reproduction; (ii) a larval
submodel that contains parameterizations for larval mortality,
larval exchange between populations, and early juvenile survival;
and (iii) a gene submodel that describes each individual in terms of
its genetic structure. Additional details of the single population
model structure and formulation, on which the metapopulation
model is based, are provided in Powell et al. (2011a, 2011b, 2011c).
Model processes used in this study pertinent to neutral allele
behavior, namely specification of the processes of growth, repro-
duction, and mortality (see also Munroe et al. 2012), are described
below and shown schematically in Fig. 2.
In the population dynamics submodel, the probability of mor-
tality (Pmort) is derived from the age of the animal (Age, in years) as
(1) Pmort  0.51  tanhAge  MeanAgeMortMeanSpreadMort 
where Pmort increases nonlinearly with age such that the rate of
increase is low at young and old age and greatest at the mean age
of mortality (MeanAgeMort). The range of ages and how steeply
the mortality probability approaches 1 is controlled by the denom-
inator of eq. 1 (MeanSpreadMort) (see also examples in fig. 2 in
Powell et al. 2011c). Juvenile mortality is specified separately as a
specific rate applied to recruited animals of age 0.
Fishing mortality is applied to all adults in the population that
are larger than the specified lower fishing limit. For these simu-
lations, minimum size limits were set at 63.5 mm (2.5 inches) for
the size-limited fishery (sack fishery), consistent with the size
frequency of observed landings from the Delaware Bay oyster
fishery (Powell et al. 2005) and at 0 mm for the non-size-limited
fishery (seed fishery). Fishing mortality is specified by the proba-
bility of capture (FishFrac) set in each population. Each individual
larger than the fishing size limit is assigned a random value from
a uniform distribution between 0 and 1. If the random value is less
than FishFrac, the individual is removed from the population by
the fishery.
The sex of new recruits is determined by the two-allele system
described by Guo et al. (1998). In this system, heterozygotes, those
with a dominant male allele M and a recessive protandric allele F
(MF) are permanent males; homozygotes (FF) are protandric, and
the homozygous dominant, MM, cannot exist. In each generation,
a protandric male is given the chance to convert to a functional
female. A conversion probability was obtained from empirical
data from Delaware Bay (Powell et al. 2013) using age–length rela-
tionships developed by Kraeuter et al. (2007). Powell et al. (2013)
modeled the relationship between the fraction of the population
that is female, Femfrac, and age as a Gompertz curve:
Fig. 1. Map of locations of oyster populations in Delaware Bay used in the simulations. Inset shows location of Delaware Bay on the Atlantic
Coast of the United States.
Munroe et al. 1815







































































(2) Femfrac  ee
(Age)
where  and  are population-specific parameters (Table 1). The
first derivative of eq. 2 gives the rate at which any animal can
change from male to female (df) as




where  is a population-specific parameter (Table 1). The probabil-
ity of conversion (Psex) is
Table 1. Population characteristics for each of the four populations during two different decades, 2000–2010 and 1970–1980, and larval transfer
rates among populations.
Population 1 Population 2 Population 3 Population 4
Population characteristics of Delaware Bay oysters for the 2000s
Abundance (millions of oysters)a 492 395 868 197
Mean adult mortality fractiona,f (%) 8 10 16 26
Juvenile mortality fractiona,f (%) NAc 8 23 47
von Bertalanffy growth parameters (Age0, k, L∞)b NAc 0.2, 0.175, 110 0.2, 0.26, 125 0.2, 0.23, 140
Sex change parameters (, , )d NAc 0.78, −2.6, −0.353 0.74, −5.0, −0.774 0.79, −3.9, −0.653
Population characteristics of Delaware Bay oysters for the 1970s
Abundance (millions of oysters)a 3270 2066 4428 4758
Mean adult mortality fractiona,f (%) 11 11 11 11
Juvenile mortality fractiona,f (%) NAc 8 23 47
von Bertalanffy growth parameters (Age0, k, L∞)b NAc 0.2, 0.175, 110 0.2, 0.26, 125 0.2, 0.23, 140
Sex change parameters (, , )d NAc 0.78, −2.6, −0.353 0.74, −5.0, −0.774 0.79, −3.9, −0.653
Larval transfer rates (%) among populationse
Population 1 to: 11 54 27 8
Population 2 to: 6 56 29 9
Population 3 to: 3 40 29 28
Population 4 to: 3 19 14 64
Note: The 2000s conditions were used for parameterization of the 2000s simulations; the 1970s conditions were used for parameterization of the 1970s simulations.
Larval transfer rates were used in both time periods.
aFrom Powell et al. 2011b; L∞ in mm, k in years−1.
bFrom Kraeuter et al. 2007.
cNA, no data available. Used approximated L∞ from stock assessment data and same juvenile mortality and k as population 2.
dFrom Powell et al. 2012.
eFrom fig. 7e in Narváez et al. 2012a.
fFraction is equivalent to 1 − e−mt, where m is the specific mortality rate and t is 1 year.
Fig. 2. Model schematic of processes executed in a single time step (1 year). Numbered circles below each process indicate the equations
invoked in that process.
1816 Can. J. Fish. Aquat. Sci. Vol. 70, 2013







































































(4) Psex  min1, df1  Femfrac
Owing to the age dependency of the probability of sex change,
all long-lived protandric individuals eventually become func-
tional females. As all oysters that are protandric begin life as
males, all recruits are male. However, some recruits become fe-
male prior to first spawning, as appears to be the case in popula-
tions from Delaware Bay (Powell et al. 2013).
The fraction of the population parenting each generation
(FrParents) is derived from a predefined fraction of parents repro-
ducing each mating season (FracParents set at 0.05% annually),
based on estimates of effective population number for oysters in
Delaware Bay (Hedgecock et al. 1992; Hedgecock 1994).
(5) FrParents  FracParents × 10(N×FracParentsVar)
where the coefficient, FracParentsVar, permits variability to exist
in the fraction of parents reproducing. The number of parental
pairs (nParents) is determined as
(6) nParents  (0.5 × FrParents × LastAnimal)
where LastAnimal is the count of adult animals in the population.
Potential parents are drawn randomly, without replacement,
from a list of all animals greater than 1 year of age (Kennedy 1983;
Powell et al. 2012) until enough males and females accrue to pro-
vide nParents or until the list of animals is exhausted. Each pair of
parents, taken randomly without replacement from the parents’
list, produces a number of offspring up to a maximum number,
which represents a typical larval settlement (set), at the beginning
of the simulation. The number of offspring produced is depen-
dent upon parental age through a mass-based relationship that is
described by a von Bertalanffy equation (Fabens 1965; Jensen 1997)
that relates size and fecundity to age as
(7) M  M∞[1  e
k(AgeAge0)]b
where M∞ is the maximum mass, and k and Age0 are population-
specific von Bertalanffy parameters (Table 1). The value of M∞ is
obtained from the adult maximum length, L∞, using an allometric
equation that relates mass and length as
(8) M  a × Lb
with a = 0.0003 and b = 2. Note that for oysters, mass scales more
nearly with the square of length rather than the cube (Yoo and
Yoo 1972; Powell and Stanton 1985).
Equation 7 is applied to fecundity by assuming that oyster
spawn is a standard fraction of biomass (Hofmann et al. 1992,
1994). The number of offspring (nOff) produced by a female of a





where M76 is the mass of a 76 mm oyster and MaxOff is the fecun-
dity of a 76 mm oyster, which can be as much as 60 million eggs
per female (Davis and Chanley 1955). For the simulations used in
this study, the value of MaxOff was set as maximum fecundity of
100 000 eggs per female to reduce computation time. This maxi-
mum limit on fecundity has been demonstrated to be robust to
allele loss through drift (Powell et al. 2011c). Genotypes of the
offspring are determined by random combination of haploid ge-
notypes, one from each parent, after meiosis. Recombination can
occur during meiosis, in which crossing over of alleles occurs at a
randomly chosen locus on each chromosome.
In the larval submodel, all offspring produced are transferred
among the populations in the metapopulation using a transfer
probability obtained from Lagrangian particle simulations that
used an individual-based model of oyster larval growth and behav-
ior that was coupled to a Delaware Bay circulation model (Narváez
et al. 2012a, 2012b). The circulation model is an implementation of
the Regional Ocean Modeling System (ROMS; Haidvogel et al.
2000; Shchepetkin and McWilliams 2005). The Delaware Bay cir-
culation model has a horizontal resolution that ranges from 0.2 to
2.1 km and a vertical resolution that ranges from 0.03 to 6.2 m.
Details of the configuration and calibration of the implementa-
tion for Delaware Bay are given in Wang et al. (2012).
The individual-based model is based on the growth and behav-
ioral models developed for eastern oyster larvae described in
Dekshenieks et al. (1993, 1996, 1997). The larval growth model
estimates larval growth as a function of temperature, salinity,
food supply, and turbidity and was parameterized using labora-
tory and observational studies (Dekshenieks et al. 1993). Larval
vertical migratory behavior depends on salinity (controls time
swimming), temperature (controls swimming speed), and larval
size (controls swimming and sinking speed) (Dekshenieks et al.
1996). The larval model was implemented as a component of the
passive Lagrangian particle tracking module in ROMS; the larval
model added vertical velocity to the particles, thereby changing
their behavior, and established an end point to the Lagrangian
trajectories based on larval size at settlement (Narváez et al. 2012a,
2012b).
The larval transfer rates used in this study were obtained from
connectivity matrices that were constructed from analyses of La-
grangian particle simulations for Delaware Bay (Narváez et al.
2012a). The connectivity between oyster reefs in Delaware Bay was
determined by the percentage of particles released in an area that
settled in either the release region (i.e., self-recruitment) or an-
other region. Populations 1–4 used in this study (Fig. 1) correspond
to the Hope Creek (HOP), Arnolds (ARN), Shell Rock (SHR), and
Bennies (BEN) oyster beds, respectively, used by Narváez et al.
(2012a) to calculate larval exchanges (see fig. 7 in Narváez et al.
2012a). For this study, only larvae released in these four areas that
settled in the four areas were used to calculate transfer rates
(Table 1).
The larval recruits were assigned to one of the four areas by
biased random draw, the bias being determined by the calculated
transfer probabilities. A survival probability in the receiving area,
constrained between 0 and 1, was defined as
(10) LarvSurv  (0.5  1.5R) K
4 × ReprPerAdult × LastAnimal
where R is a uniform random number that permits individual
recruitment events to vary about the broodstock–recruitment re-
lationship, LastAnimal is the total number of animals in the pop-
ulation, ReprPerAdult is the total number of eggs produced by the
spawning subset of the adult population scaled to the total num-
ber of adult animals in the population, and K is the local carrying
capacity, which regulates the number of animals in the popula-
tion. A full derivation of this equation is provided by Powell et al.
(2011c). This relationship incorporates the logistic process in
which mean recruitment per adult declines as population abun-
dance increases with respect to the local carrying capacity. The
ability of oysters to filter water more rapidly than food is resup-
plied, thereby generating a food limitation (Wilson-Ormond et al.
1997; see also Powell et al. 2013), provides a theoretical basis for
this expectation. The probability of death (P) for each individual
larva is
Munroe et al. 1817







































































(11) P  1  LarvSurv
If R < P in a random draw, then the larva dies. If the larva
survives to recruit into the destination population, it is given an
age of zero.
Model caveats
As with any modeling exercise, a trade-off exists between real-
ism and model simplicity. Genetic connectivity in a metapopula-
tion is a complex biological process. To model this process using
realistic parameterizations, the trade-off between realism and
model simplicity requires that certain processes and drivers be
excluded, either because their relationship with other compo-
nents is inadequately understood or to simplify the model. In
these simulations, we do not include environmental drivers ex-
plicitly. Environmental changes (differences in salinity and tem-
perature, for example) are known to influence dispersal (Narváez
et al. 2012a, 2012b), oyster mortality (Gunter 1955; Soletchnik et al.
2007; Bushek et al. 2012), and growth (Kraeuter et al. 2007). Rather
than including these environmental drivers explicitly, the model
uses differential parameterization of populations and simulations
to vary population dynamics consistent with the known range of
environmental conditions represented. We used, for example, dif-
ferent mortality rates that are based on known differentials in
mortality determined by position in the salinity gradient (Powell
et al. 2008), thereby incorporating the influence of salinity implic-
itly. Additionally, interannual stochasticity is generated in the
model through reliance of model processes on a random draw;
this compensates for the lack of direct environmental drivers.
Simulations
An individual genotype is defined by a complement of 10 chro-
mosome pairs with four genes per chromosome. Each gene is
defined by two alleles, A and B. Gene transfer among the popula-
tions was observed by initializing the model with 100% of the
individuals in one population being homozygous BB at a particu-
lar locus, while the initial individuals in the remaining three pop-
ulations were all homozygous AA at the same locus. This allows
tracking of allele frequencies of the B allele to follow the move-
ment of neutral alleles from one population through the metapo-
pulation over time. A series of simulations was conducted for
conditions parameterized for the 1970s and 2000s. The simula-
tions allow fishing of all oysters in the population (seed fishery) or
only those 63.5 mm and larger (sack fishery) at different exploita-
tion levels depending on the simulation. The fishing fractions
(FishFrac) set for each population in each of the simulations are
listed in Table 2 and are described further below.
The base case simulations were parameterized to allow the four
simulated populations to have characteristics of the Delaware Bay
populations for two time periods: the decades of the 1970s and
2000s. Data from annual stock assessments of oysters in Delaware
Bay (Powell et al. 2009; Haskin Shellfish Research Laboratory 2012)
document distinctive oyster population dynamics such as differ-
ences in local population abundances and mortality rates for the
four simulated populations during the 1970s compared with the
2000s. Both the abundances and mortality rates of the four popu-
lations were relatively equivalent among all four populations dur-
ing a period from ca. 1970 to 1985 in contrast with the strong
up-estuary to down-estuary gradient in mortality and biased abun-
dance favoring population 3 in the 2000s (Table 1). Larval transfer
rates among populations, von Bertalanffy growth rates, probabil-
ities of juvenile and adult mortality, and carrying capacity are
specified for each population independently as outlined in Table 1
(also described in Munroe et al. 2012). Population abundances
were maintained sufficiently high to minimize the influence of
drift (Powell et al. 2011c) that might otherwise influence the re-
sults from simulations of genetic connectivity (e.g., Gandon and
Nuismer 2009). Note in particular that the gradient in natural
mortality in the 2000s (Table 1) was produced by Dermo disease
(caused by the parasite Perkinsus marinus; Ford and Tripp 1996),
which increases in severity with increasing salinity. Disease mor-
tality was inconsequential in the 1970s. The analogous gradient in
juvenile mortality is driven by the downbay increase in predators
of juvenile oysters. Note also the differential growth rates among
the populations, such that oysters in lower salinity express slower
growth and longer life span (Kraeuter et al. 2007). Thus, these four
populations diverge in important attributes of population dynam-
ics, including growth, mortality, and population density.
The series of simulations performed included both seed and
sack fishing, both simulated either as single population fisheries
(fishing only allowed in one population) or fisheries exploiting the
entire metapopulation (stock-wide fisheries) and each simulated
for both time periods (1970s and 2000s). The fractions (FishFrac)
allowed in each of the single-population fisheries resulted in the
removal of 2%, 10%, 16%, and 30% of the population annually for
the seed fishery and 4%, 20%, 35%, and 42% of the population
Table 2. Fishing fractions (FishFrac) set for each population in each of











0 0 0 0
Single-population fishing simulation
Fish1 0.04 0 0 0
Fish2 0 0.04 0 0
Fish3 0 0 0.04 0
Fish4 0 0 0 0.04
MedFish1 0.20 0 0 0
MedFish2 0 0.20 0 0
MedFish3 0 0 0.20 0
MedFish4 0 0 0 0.20
HiFish1 0.35 0 0 0
HiFish2 0 0.35 0 0
HiFish3 0 0 0.35 0
HiFish4 0 0 0 0.35
VHiFish1 0.42 0 0 0
VHiFish2 0 0.42 0 0
VHiFish3 0 0 0.42 0
VHiFish4 0 0 0 0.42
VLowSeed1 0.02 0 0 0
VLowSeed2 0 0.02 0 0
VLowSeed3 0 0 0.02 0
VLowSeed4 0 0 0 0.02
LowSeed1 0.10 0 0 0
LowSeed2 0 0.10 0 0
LowSeed3 0 0 0.10 0
LowSeed4 0 0 0 0.10
MedSeed1 0.16 0 0 0
MedSeed2 0 0.16 0 0
MedSeed3 0 0 0.16 0
MedSeed4 0 0 0 0.16
Seed1 0.30 0 0 0
Seed2 0 0.30 0 0
Seed3 0 0 0.30 0
Seed4 0 0 0 0.30
Whole-stock fishing simulation
LowFish 0.04 0.04 0.04 0.04
HighFish 0.39 0.39 0.39 0.39
LowSeed 0.04 0.04 0.04 0.04
HighSeed 0.39 0.39 0.39 0.39
Note: Fishing fraction is the annual probability of capture set in each popu-
lation. For each individual larger than the fishing size limit (63.5 mm for the
sack fishery; 0 mm for the seed fishery), a random draw (R) is made. For R ≤
FishFrac, the individual is removed from the population by the fishery; for
R > FishFrac, the individual remains in the population.
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annually for the sack fishery; fractions investigated in both seed
and sack stock-wide fisheries resulted in the removal of 4% and
39% of the population annually.
Parameterization for the fishing fractions used was based on
values obtained from the literature. Harding et al. (2010), calculat-
ing oyster seed fishing for the Piankatank River between 1998 and
2009, approximated 30% of the stock annually. Oyster sack fishing
rates reported in Delaware Bay approximated 4% of the stock
annually (Powell et al. 2008) and are reported to have ranged
from 21% to 72% in the Chesapeake Bay (Rothschild et al. 1994;
Jordan et al. 2002; Jordan and Coakley 2004). Thus, our matrix
of 72 simulations ([(8 single-population rates × 4 populations) +
4 stock-wide rates] × 2 regimes) included both time periods and a
range of either seed or sack fishing fractions in addition to the
base cases.
Analysis
Metapopulation allele frequency was calculated as the fraction
of animals in all four populations possessing a B allele in a given
locus at a given time; change in allele frequency was calculated as
the frequency in the metapopulation at the end of the simulation
(100 years) minus the frequency at simulation year 1. The effect of
the fishery relative to the nonfishing base case was calculated as
the difference between the change in metapopulation allele fre-
quency in the base case minus the change in metapopulation
allele frequency for the same allele in the fished case.
Parameterization of the model specified the fraction of animals
removed from the population by the fishery in a year (number
fished/number in the population). This is distinct from the instan-
taneous fishing mortality rate, F, that is used in fisheries. F is not
specified in the model but can be obtained from the simulation
output as follows:
(12) Biot  Bio0e
Ft
where Biot is the biomass of the population at time t and Bio0 is
the initial biomass. One time step is equal to 1 year, and when
considering only fishing mortality, Biot is equal to Bio0 minus the
fished biomass. Letting t = 1 and solving for F gives
(13) F  ln1  BiofishBio0 
where Biofish is the biomass removed by fishing in 1 year. Argu-
ably, the fishing mortality rate could be calculated based on bio-
mass of the fishable stock only (rather than the entire population)
or based on the numbers of individuals rather than the biomass.
In this case we chose to use the biomass of the entire population
because the two types of fisheries being studied here can then be
compared with one consistent metric.
Fishing mortality rate (F) was calculated for all single-
population fishery simulations. Pairs of seed and sack simulations
were identified for each regime and population fished based on
nearly equivalent computed values of F. A posteriori comparisons
generated in this way were necessary because the fraction fished
for the entire population for the sack fishery varied based on the
relative abundance of animals in the unfished and fished size
classes, and thus an equivalent F could not be stipulated a priori
for the simulation. These paired simulations permitted tests of
the influence of seed versus sack fishing on the change in allele
frequency, under otherwise constant conditions (e.g., regime,
fishing location, fishing mortality rate). Fishing mortality rates
and change in allele frequency were non-normal in their distribu-
tion; therefore nonparametric Wilcoxon signed-rank tests were
performed using the R statistical package (R Development Team
2007) to test for differences in the fishing mortality rate (F) and in
the difference in allele frequency relative to the base case for the
pairs of simulations.
Spawning potential ratio (SPR) (see Goodyear 1993) was calcu-
lated for each of the pairs of simulations. Spawning potential was
calculated annually for the fished population as
(14) SPR 
total reproduction in a given population
total recruitment
Mean SPR was calculated as
(15) SPRmean 
spawning potential of the fished population
spawning potential of the unfished population
Finally, because relative abundances in the populations can influ-
ence genetic connectivity (Munroe et al. 2012), the mean propor-
tional abundance of oysters in each population was compared
with the abundance in the entire metapopulation for each simu-
lation. Years 20–100 of the 100-year simulation were used for cal-
culation of mean SPR and mean proportional abundance to avoid
model initialization effects on population size frequency.
Results
The frequency of the neutral marker allele within each popula-
tion was dynamic. In a population where that marker allele is
initiated, the frequency begins at 100%, then drops to some equi-
librium level in 15–30 years as the nonmarker allele mixes into
this population (Fig. 3). In populations other than where the allele
is initiated, the frequency of the marker begins at zero and in-
creases to an equilibrium level as the marker allele is mixed into
the population (Fig. 3). The rate of change and the equilibrium
frequency differed among populations (local demographic rates),
time period (1970s versus 2000s), and, depending on the fishing
mode (seed versus sack), rate and location. The metapopulation
frequency for those marker alleles was also dynamic and reached
the same equilibrium level that each of the populations did; the
metapopulation marker allele frequency over time is shown with
the shaded areas in Fig. 3.
Change in metapopulation allele frequency is used here to de-
scribe the potential for a population to act as a source of alleles for
the metapopulation as a whole. When population abundances
remain constant relative to one another through time (as was the
case for the base case simulations here) an increase in the meta-
population allele frequency over time results from the ability of
the population from which the allele originates to export that
allele to other populations; thus that population acts like a source
for that allele. Conversely, a decrease in the metapopulation allele
frequency would result from the inability of the population from
which the allele originates to export that allele to other popula-
tions; thus that population acts like a sink. The change in meta-
population allele frequency varied with the simulated time period
(1970s versus 2000s), fishing pressure, type of fishery (seed versus
sack), and the population in which the marker allele was initially
present (local demographic rates). Change in metapopulation al-
lele frequency ranged from a maximum increase of 0.80 for the
HighSeed simulation (baywide 39% seed fishery) for the popula-
tion 4 allele during the 1970s to a decrease of −0.33 for the Seed3
simulation (single-population 30% seed fishery) for the population
3 allele during the 2000s (Figs. 4, 5).
Simulations based on each of the two time periods showed
distinct differences in the change in allele frequency in the
metapopulation over time for the range of simulated conditions
(Figs. 4, 5). The base case (no fishing) simulations generally showed
the opposite pattern in the 1970s versus the 2000s (black bars in
Figs. 4, 5). In the 1970s simulations, alleles initially present in
populations 1 and 2 decreased in frequency in the metapopulation
over time, while those in populations 3 and 4 increased in fre-
Munroe et al. 1819







































































Fig. 3. Allele frequency over time for the neutral allele marker in the 2000s. Columns from left to right show the influence of fishing on the frequency of the neutral allele initiated in
population 1 with fishing in populations 1 through 4. Upper panels show allele frequencies under sack fishing; lower panels show allele frequencies under seed fishing. Lines show the
allele frequency within each individual population (shown in different shades of grey over time; solid lines indicate base case, dashed lines indicate lowest fishing rate, and dotted lines
indicate highest fishing rate. The shaded areas show the allele frequency in the metapopulation, overlaid with the darkest color representing the base case, medium indicating the
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quency. The opposite pattern was evident in the 2000s simula-
tions (see also Munroe et al. 2012 for further discussion of the
influence of regime shift on genetic connectivity).
Single-population fishing
With the exception of two simulations (Fish1 and VLowSeed1 in
the 1970s and Fish2 and MedFish4 in the 2000s), all simulations in
which fisheries are limited to a single population (one of the four
areas shown in Fig. 1), fishing a population generates a more neg-
ative change in allele frequency within the metapopulation rela-
tive to the base case, in which no fishing occurs (solid black bars,
Fig. 4). In general, higher fishing pressure creates a larger differ-
ence in allele frequency within the metapopulation when com-
pared with the no-fishing base case regardless of the type of
fishery (Fig. 4). With some exceptions (VHiFish1 in 1970; HiFish1,
VHifish3, Fish4, and all Seed4 simulations in 2000), increasing
fishing pressure generates a stepwise decrease in the change in
metapopulation allele frequency for a neutral allele originally
present within the fished populations. Within each time period
and for each fished population, the largest decrease in metapopu-
lation allele frequency is observed for the highest fishing fraction
for the seed fishery (SeedX at 30%, Fig. 5).
Paired comparisons
A total of 19 seed–sack pairs of simulations were included in the
pairwise comparisons. Pairs were chosen such that no significant
difference existed between the fishing mortality rates (F) for the
pairs (p = 0.56, t = 0.59, df = 18; Fig. 6). The difference between the
change in metapopulation allele frequency for the fishing simu-
lation compared with the nonfishing base case was significantly
different between seed and sack fishing. On average for these
pairs, in which fishing mortality (F), population fished, and re-
gime are held constant, seed fishing results in a 3.5% lower allele
frequency compared with sack fishing. A one-sided paired t test
showed that the difference was greater (generating a more nega-
tive value) for seed fishing than it was for sack fishing (p = 0.025, t =
−2.1, df = 18; Fig. 7). Initially, in each simulation, the B allele is
located in one population only, and thus a decrease in the meta-
population frequency over time indicates a loss of that allele from
that population and (or) failure to export that allele to other pop-
ulations. Seed fishing leads to a greater decrease in metapopula-
tion B allele frequency for neutral alleles, effectively a greater
decrease in export of the B allele from its single population
source, relative to a nonfishing scenario than sack fishing, when
fishing mortality (F), population, and regime are held constant.
Further, for a given fished population contributing relatively
Fig. 4. Change in simulated allele frequency in the metapopulation for the marker allele (the neutral B allele originally fixed in the indicated
population, but absent from the remaining three) for each of the four populations over 100 generations for fisheries restricted to a single
population (only one of the four regions shown in Fig. 1). Black bar indicates the base case (no fishing) for each time period. Dark grey bars
indicate sack fishery simulations; light grey bars indicate seed fishery simulations. For all fishing simulations, each panel shows the
population for which the fishery was colocated in the population with the neutral marker allele source (all animals in the population BB
initially). X axes labels are defined in Table 2; regime characteristics are defined in Table 1.
Munroe et al. 1821







































































more or less to the total abundance of the metapopulation and for
a given fishing mortality rate (F), seed fishing tends to cause a
greater decrease in the B allele frequency, engendered by a greater
reduction in export of the B allele, than sack fishing. This trend is
illustrated in Fig. 8; looking horizontally across the two panels,
the left (sack) panel has lighter contours than the equivalent
abundance on the right (seed) panel, indicating a lower allele
frequency of the B allele at the end of the simulation. This trend is
generally true regardless of the proportional contribution of the
fished population to the entire metapopulation.
Comparing these paired values, we see that seed fishing ranges
from a 6.3% higher allele frequency for population 1 in the 1970s to
a 19.8% lower allele frequency for population 2 in the 2000s, a span
of 26.1%, whereas the interquartile range was only 6.5%. Thus, a
few simulation pairs contributed much of the range in effect
(Fig. 7). A single simulation pair generated an increase in allele
frequency from the fished population (1970 population 1, shown
with J in Fig. 7); in this simulation FishFrac was set at 0.02 (2%
annually) in the seed fishery (VLowSeed1, Table 2) and 0.04 (4%
annually) in the sack fishery (Fish1, Table 2), while natural adult
mortality was set at 11% for all populations (1970s parameters,
Table 1).
Spawning potential ratio (SPR) shows a decreasing trend with
increasing fishing mortality rate for both types of fisheries (Fig. 9).
For 16 out of 19 pairs, a sack fishery generates a higher SPR than a
seed fishery. On average, over all 19 pairs, a sack fishery generates
an SPR that is 0.12 greater than that of a seed fishery when fishing
mortality (F), population, and regime are held constant.
Whole-stock fishing
The impact of stock-wide fishing on the change in frequency of
a neutral allele initiated in a given population is less consistent
Fig. 5. Change in simulated allele frequency in the metapopulation for the marker allele (the neutral B allele originally fixed in the indicated
population, but absent from the remaining three) for each of the four populations over 100 generations for fisheries covering the whole stock
(fishing allowed in all four regions; Fig. 1). Black bar indicates the base case (no fishing) for each time period. Grey bars indicate stock-wide
fishery simulations. X axies labels are defined in Table 2; regime characteristics are defined in Table 1.
Fig. 6. Instantaneous fishing mortality rates (F) for paired seed–sack
simulations. Dark bars show the computed F for seed simulations;
light bars show the computed F for sack simulations. Pairs of bars
are consistent for regime and population fished as indicated by the
X axis label. Results of the paired t test showing no significant
difference in F between pairs are shown in the top left inset.
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than that for a single population fishery colocated with the source
of the neutral allele (Fig. 5). Sack fishing, at both 4% and 39%,
decreases the frequency of the neutral B allele in the metapopu-
lation compared with that in the nonfishing base case for all
source locations for the B allele marker, with the exception of the
case where the BB marker was initially present in population 1.
Relative to the nonfishing base case, seed fishing decreases the
frequency of the allele marker if it originated from the upbay
populations (populations 1 and 2), yet increases the frequency of
the allele marker if it originated from the downbay populations
(populations 3 and 4) relative to the nonfishing case. In all whole-
stock fishing simulations, the greatest deviation for each marker
allele in each regime, either positive or negative, from the non-
fishing base case is observed for the HighSeed simulation, indicat-
ing that a high rate of seed fishing has the greatest potential to
alter genetic connectivity.
Discussion
We examined the possible influence of an oyster fishery on
genetic connectivity in a metapopulation using an individual-
based numerical model capable of resolving the population in
terms of the genotypes of its constituent individuals. We used
simulations that included a range of realistic seed and sack fishing
pressures from the literature (Rothschild et al. 1994; Jordan et al.
2002; Jordan and Coakley 2004; Powell et al. 2008; Harding et al.
2010) and spatially and temporally explicit demographic parame-
ters from a well-studied oyster metapopulation in Delaware Bay
(Kraeuter et al. 2007; Powell et al. 2009; Bushek et al. 2012; Haskin
Shellfish Research Laboratory 2012). Simulations covered a range
of possible fishing scenarios, including fisheries restricted to
single areas and stock-wide fisheries, and used movement of a
neutral allele marker as a proxy for genetic connectivity. These
simulations demonstrate the ability of fishing to influence ge-
netic connectivity among fished populations of oysters. In gen-
eral, increasing fishing pressure tends to decrease the neutral
allele output potential of the fished stock. This result is true for
both seed and sack fisheries; however, seed fisheries diminish the
export potential of neutral alleles more than a comparable sack
fishery.
The trend generated by our simulations, that increasing fishing
pressure tends to decrease the genetic output potential of the
fished population, is supported by empirical studies. In one exam-
ple, Miller et al. (2009) showed that a population of abalone that
had collapsed owing to high fishing pressure had higher genetic
diversity than comparable populations under lower fishery pres-
sure. The authors originally hypothesized the opposite outcome,
that high fishing pressure leading to a crashed population should
result in reduced genetic diversity. They suggested that this coun-
terintuitive result stems from the diminished capacity of the
heavily fished population to produce local recruits, thus allowing
genetically diverse immigrant recruits to enter the population.
This agrees with our results, which suggest that fishing pressure
tends to reduce the ability of a population to export alleles.
The difference in allele frequency in the simulation output be-
tween seed and sack fishing (Fig. 7) should depend on life history
characteristics such as spawning frequency and maturation tim-
ing. For the oyster stock used for model parameterization here,
oysters spawn only once in a season; this is true for oysters from
Delaware Bay. The species has the ability to spawn twice in a
season if conditions are appropriate, an event that is common-
place for oyster stocks in the Gulf of Mexico (Hopkins 1954; Hayes
and Menzel 1981; Hofmann et al. 1994). It is possible that this
increased spawning frequency could accentuate the difference
between seed and sack fishing on allele frequencies because a
fishery with a lower size limit (sack fishing) may allow more
spawning events to occur before animals are subject to fishing
pressure. Conversely, oysters from the Gulf of Mexico also expe-
rience faster growth rates owing to the higher temperatures and
abundance of food (Butler 1952; Hayes and Menzel 1981) that
would allow them to grow into fishable size classes faster, thereby
eliminating the additional spawning events that would otherwise
widen the gap between allele frequencies in populations har-
vested with seed versus sack fisheries.
In addition to examining how other oyster fishery demograph-
ics from other regions might influence population connectivity,
this model could be applied to other fished stocks wherein fishing
has possibly acted in a selective manner (Heino and Dieckmann
2008; Sharpe and Hendry 2009). As an example, an extensive
90-year Norwegian dataset documents reduction in variability in
body size in Atlantic cod (Olsen et al. 2009). Similarly, a nearly
60-year dataset demonstrates trends in size and age-at-maturity in
sockeye salmon from Alaska (Kendall et al. 2009). Assuming that
the observed changes in phenotype are a result of changes in gene
frequency, these long-term datasets, along with fishery data for
those stocks, could be used in a model like this one to examine
potential drivers and the role of ecological characteristics for
these documented phenotypic changes.
Arguably, the impact of the fishery should scale with the pro-
portion of the stock exploited. In these simulations, for high rates
of instantaneous fishing mortality (F > 0.3), as the proportion of
the metapopulation subjected to fishing pressure increases, allele
frequency of the marker allele decreases sharply (Fig. 8). However,
at intermediate fishing mortalities (0.1 < F < 0.25), the decrease in
frequency of the marker allele gets stronger as the proportion of
the metapopulation in the fishery increases up to a point. Then
at a point where the source population for the marker allele con-
tributes approximately 25% to metapopulation abundance, the
decrease in marker allele frequency begins to weaken. This tran-
sition point holds for both the seed and sack fisheries and implies
that a fishery utilizing 25% or more of the overall abundance of
the stock begins to spread over a large enough proportion of the
population to compensate slightly for the neutral allele frequency
Fig. 7. Difference in allele frequency compared with the base case
(base case change in allele frequency minus fishing case change in
allele frequency) for paired seed–sack simulations. Dark bars show
the allele frequency difference for seed simulations; light bars show
the allele frequency difference for sack simulations. Pairs of bars
hold regime and population fished consistent as indicated by the
X axis label. Results of the paired t test showing that seed
simulation allele frequency is significantly less than sack simulation
allele frequency are shown in the bottom left inset. The only pair to
generate an increase in allele frequency from the fished population
(1970 population 1) is indicated (J).
Munroe et al. 1823







































































Fig. 9. Spawning potential ratio (SPR) and instantaneous fishing mortality rate (F) for paired seed–sack simulations. Shaded bars show the SPR
for seed simulations; open bars show the SPR for sack simulations. Pairs of bars are consistent for regime, population fished, and
instantaneous fishing mortality rate as indicated by the X axis label. Solid triangles show F for seed simulations; solid diamonds show F for
the sack simulations. Horizontal dashed line delineates SPR = 0.2.
Fig. 8. Contour plots of the difference in allele frequency compared with the base case (base case change in allele frequency minus fishing
case change in allele frequency) over the range of instantaneous fishing mortality rates (F) and percentage of metapopulation abundance for
all simulations where fishing was restricted to a single population. Left panel shows sack fishing simulations; right panel shows seed fishing
simulations.
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depression created when a small portion of the stock is fished. It
should be noted that this compensation is not very steep; at F =
0.2, going from 25% to 30% of the stock fished generates an ap-
proximate 10% increase in allele frequency (Fig. 8).
Implications for management
The differential influence of seed and sack fisheries on genetic
connectivity implies that seed fisheries should be managed in
a more conservative manner than a comparable sack fishery.
Spawning potential ratio is a metric often used to assess the rela-
tionship of the exploitation rate to sustainability (Goodyear 1993).
Consider, for example, a scenario in which a certain population is
the source of genotypes that are unique and (or) valuable to the
metapopulation. A seed fishery with an instantaneous fishing
mortality of around 0.10 generates a 0.05–0.30 lower SPR in com-
parison to a sack fishery with the same fishing mortality (Fig. 9).
Brooks et al. (2010) argue that a minimum reference SPR above
which overfishing is not occurring and which is applicable across
all fisheries cannot be defined; instead, species-specific life histo-
ries must be considered to determine an appropriate cutoff on a
species and fishery basis. Nonetheless, the authors demonstrate
that an SPR of 0.3 is likely suitable for short-lived, early maturing
species like oysters. For the series of paired simulations per-
formed here, seven generated a mean SPR ≤ 0.3; five of those
seven were seed fishing simulations. In addition, seed fishing sce-
narios were the only simulations that generated an SPR < 0.2, well
below the SPR level identified by Brooks et al. (2010), and therefore
likely to create overfishing conditions (Fig. 9). The depression of
the SPR by the seed fishery relative to a sack fishery means that
seed fisheries have greater potential to limit the exchange of al-
leles from the source location, and this is likely the origin of the
lower rate of allele export observed in the simulations (Fig. 7). By
implication, fishing mortality targets for seed fisheries should be
set conservatively relative to the limits set for fisheries with a
defined size limit.
The change in marker allele frequency between paired seed and
sack simulations covers a range of 26.1%. This range includes one
pair that generated an increase in allele frequency from the fished
population (1970 population 1, shown with a J in Fig. 7). This pair
of simulations was calculated with FishFrac set at 0.02 (2% of the
stock annually) in the seed fishery (VLowSeed1, Table 2) and 0.04
(4% of the stock annually) in the sack fishery (Fish1, Table 2), while
natural adult mortality was set at 11% for all populations (1970s
parameters, Table 1). Thus, fishing rates were well below the
natural mortality rates. A possible explanation for this counterin-
tuitive increase in allele frequency under fishing in these two
simulations is that the influence of the fishery is negligible in
comparison to the influence of the natural mortality rates on
genetic connectivity. This highlights the importance of under-
standing natural mortality rates in fished populations and consid-
ering fishing mortality relative to natural mortality.
Another important management consideration highlighted in
these simulations is the temporal variability of locations of ge-
netic sources and sinks in Delaware Bay oysters. A temporally
dynamic (or adaptively managed) fishery that allows fishery loca-
tion and rates to respond to stock movement over time is intuitive
for mobile resources like migratory fish (Game et al. 2009). Less
intuitive is the need for temporally dynamic management for
sessile species like oysters. Regime shifts are characterized by a
sudden, rapid shift in a biological community (Scheffer and
Carpenter 2003; Weijerman et al. 2005) and have been observed
commonly in the temporal population dynamics of many marine
organisms (Collie et al. 2004; Rothschild and Shannon 2004;
Powell et al. 2009). The simulations performed here compared the
dynamics of oyster populations under two separate regimes. Dif-
ferences in simulated source and sink characteristics during
these two time periods have implications for the effects of the
fishery on genetic connectivity. For example, population 1 in
Fig. 5 (upper left panel) acts as a sink for alleles in the 1970s
regime, and continues to operate as a sink under fishing pressure.
In the 2000s regime, this population shifts to an allele source and
remains a source under all but the highest stock-wide fishing
mortality (HighSeed). Thus, our results show that regime shifts
can alter locations of sources and sinks (see also Munroe et al.
2012) and in doing so can change the influence of fisheries on
genetic connectivity over time. Given the importance of local ad-
aptation in many marine species (Sanford and Kelly 2011), the
dynamics of changing source and sink may promote or impede the
long-term benefits of allele transfer within the metapopulation and
allele retention within the local population. The potential for
changes in metapopulation connectivity over time should be inte-
grated into fisheries planning and adaptive strategies should be im-
plemented, allowing managers to respond to such changes.
Managers are increasingly being called upon to bring evolutionary
principles into management (Hendry et al. 2011). This influence of
fisheries on genetic connectivity is an important consideration for
management of the evolution of fished stocks. Our simulations
show that certain combinations of proportional contribution by a
local population to metapopulation abundance and local fishing
pressure may alter genotype diversity much more than others.
Jørgensen et al. (2007) propose evolutionary impact assessment
as an important component of fisheries management, allowing
managers to evaluate and mitigate the consequences of fisheries-
induced evolution. Our simulations suggest that potential reduc-
tions in genetic output from fished populations resulting from
fishing mortality, and the way that affects ecological and evolu-
tionary impacts of fishing, should be brought to bear in evolution-
ary impact assessment. An important caution exists concerning
the outputs discussed here in relation to evolutionary impacts of
fishing. The simulations performed here use neutral alleles only
as markers to track genetic connectivity, and thus selection does
not play a role in determining the simulated allele frequencies.
Fisheries have been shown to be able to generate changes in ge-
notype, and thus changes in population allele frequency at spe-
cific loci, through selective processes (Allendorf et al. 2008; Hard
et al. 2008; Heino and Dieckmann 2008; Hutchings and Fraser
2008; Dunlop et al. 2009; Sharpe and Hendry 2009). Our simula-
tions demonstrate that fishing mortality also has the potential to
alter the dynamics of neutral allele frequencies among popula-
tions. Oysters and some other shellfish are highly polymorphic
(Launey and Hedgecock 2001; Zhang and Guo 2010; Wang et al.
2010), and maintenance of this polymorphy is likely to include the
transfer of many neutral alleles and should be impacted by fishing
as it interacts with genetic connectivity. In these simulations, we
have not tested how selective forces such as selective fishing or
disease mortality interact or potentially counteract changes dem-
onstrated here in neutral allele frequency made by fishing mor-
tality. This interaction of selective forces with demographically
driven changes in genetic connectivity is an important consider-
ation and one that we are currently examining in ongoing re-
search.
Fishing and evolution of disease resistance
The decline of the eastern oyster is in part a result of overfishing
(Rothschild et al. 1994; Wilberg et al. 2011). Overfishing in other
species has been associated with impacts on genetic variability of
the stock (Law 2007; Olsen et al. 2009; Perry et al. 2010); however,
evidence that overfishing may have impacted the genetic variabil-
ity of eastern oyster stocks has not yet been identified. Our simu-
lations demonstrate that heavy fishing on a small portion of the
stock in Delaware Bay could potentially reduce the genetic con-
nectivity of that population to the overall stock. This could lead to
reduction in those genotypes over time from the metapopulation.
This is problematic if those genotypes are valuable now or in the
future. Alternatively, if those genotypes have low fitness in other
Munroe et al. 1825







































































populations, it could be beneficial to the metapopulation if those
genotypes are reduced in frequency.
In Delaware Bay, development of resistance to MSX (Haplosporidium
nelsoni) in the native population is nearly complete (Ford and
Bushek 2012). Development of MSX resistance has been slower,
but not inconsequential, in the Chesapeake Bay (Carnegie and
Burreson 2011). Development of resistance to Dermo (Perkinsus
marinus) has been much slower, although some evidence suggests
that the process may be ongoing (Powell et al. 2011c, 2012). The
severity of these two diseases increases with increasing salinity,
thus generating an along-estuary mortality gradient that follows
the salinity gradient (e.g., Bushek et al. 2012; Ford et al. 1999). In
Delaware Bay, this gradient generates a downbay drift of genes
from source populations upbay (Munroe et al. 2012). Our simula-
tions agree with the conclusions of Munroe et al. (2012), who
found that upbay populations are likely to be source populations
under current conditions. Ford and Bushek (2012) show that
these populations function as refuges for disease-susceptible
genotypes. Thus, our simulations suggest that the mortality gra-
dient generated by disease not only protects susceptible geno-
types upbay, but also facilitates their continual importation into
downbay populations, thereby restricting the development of re-
sistance to disease. Fishing these upbay populations could reduce
their genetic output and facilitate evolution of disease resistance
in the metapopulation. This suggestion must be considered
within the context of differential population dynamics such as
slower growth rates in these upbay (lower salinity) populations
and how fishing those populations might influence population
persistence.
Conclusions
Incorporation of evolutionary impacts on population genetics
is a developing priority in the management of marine resources
(Bert et al. 2011; Hendry et al. 2011; Jørgensen et al. 2007). Many of
the approaches used to study evolutionary impacts of fishing fo-
cus on selective processes in which the fishery changes popula-
tion genetics through the selection of certain phenotypes (Hard
et al. 2008; Hutchings and Fraser 2008; Sattar et al. 2008). Results
of simulations conducted in the present study indicate that non-
selective fishing can also alter the underlying processes of evolu-
tion, namely genetic connectivity. Importantly, in the case of
oyster fisheries, seed fisheries (without a lower size limit), have a
greater potential to alter genetic connectivity than sack fisheries
(with a lower size limit). Consequently, it is essential for the influ-
ence of fisheries on source–sink dynamics to be incorporated in
the future management of marine populations, as it relates to the
ability of a stock to evolve and maintain genetic diversity. Our
results emphasize the need to manage a seed fishery more conser-
vatively than a sack fishery. Trends in SPR illustrate the sensitivity
of genetic connectivity to the removal of seed.
Acknowledgements
Sincere thanks to all Haskin Shellfish Research Laboratory staff,
staff of the New Jersey Department of Environmental Protection,
and the Delaware Bay oystermen who work cooperatively each
year to provide reliable annual oyster population estimates in
Delaware Bay. D. Narváez provided critical insight on larval dy-
namics. Anonymous reviewers provided useful feedback for im-
provement of this manuscript. Funding was provided by the
National Science Foundation (OCE-6022642 and OCE-0622672)
and by the US Army Corps of Engineers under their Section 22
funding authority, contract No. W912BU-11-C-0004, through the
Seaboard Fisheries Institute, in collaboration with the Sponsor,
the South Jersey Port Corporation, a public agency of the State of
New Jersey.
References
Allendorf, F.W., England, P.R., Luikart, G., Ritchie, P.A., and Ryman, N. 2008.
Genetic effects of harvest on wild animal populations. Trends Ecol. Evol. 23:
327–337. doi:10.1016/j.tree.2008.02.008. PMID:18439706.
Barot, S., Heino, M., O’Brien, L., and Dieckmann, U. 2004. Long-term trend in the
maturation reaction norm of two cod stocks. Ecol. Appl. 14: 1257–1271. doi:
10.1890/03-5066.
Beck, M.W., Brumbaugh, R.D., Airoldi, L., Carranza, A., Coen, L.D., Crawford, C.,
Defeo, O., Edgar, G.J., Hancock, B., Kay, M., Lenihan, H., Luckenbach, M.W.,
Toropova, C.L., and Zhang, G. 2009. Shellfish reefs at risk a global analysis of
problems and solutions. The Nature Conservancy, Arlington, Va.
Bert, T.M., Arnold, W.S., McMillen-Jackson, A.L., Wilbur, A.E., and Crawford, C.
2011. Natural and anthropogenic forces shape the population genetics and
recent evolutionary history of eastern United States bay scallops (Argopecten
irradians). J. Shellfish Res. 30: 583–608. doi:10.2983/035.030.0302.
Bertness, M.D., Gaines, S.D., and Wahle, R.A. 1996. Wind-driven settlement pat-
terns in the acorn barnacle Semibalanus balanoides. Mar. Ecol. Prog. Ser. 137:
103–110. doi:10.3354/meps137103.
Brooks, E.N., Powers, J.E., and Cortés, E. 2010. Analytical reference points for
age-structured models: application to data-poor fisheries. ICES J. Mar. Sci. 67:
165–175. doi:10.1093/icesjms/fsp225.
Bushek, D., Ford, S.E., and Burt, I. 2012. Long-term patterns of an estuarine
pathogen along a salinity gradient. J. Mar. Res. 70: 225–251. doi:10.1357/
002224012802851968.
Butler, P.A. 1952. Seasonal growth of oysters (C. virginica) in Florida. Proc. Natl.
Shellfish. Assoc. 43: 188–191.
Carnegie, R.B., and Burreson, E.M. 2011. Declining impact of an introduced
pathogen: Haplosporidium nelsoni in the oyster Crassostrea virginica in Chesa-
peake Bay. Mar. Ecol. Prog. Ser. 432: 1–15. doi:10.3354/meps09221.
Chatry, M., Dugas, D.J., and Easley, K.A. 1983. Optimum salinity regime for oyster
production on Louisiana’s state seed grounds. Contrib. Mar. Sci. 26: 81–94.
Collie, J.S., Richardson, K., and Steele, J.H. 2004. Regime shifts: can ecological
theory illuminate the mechanisms? Prog. Oceanogr. 60: 281–302. doi:10.1016/
j.pocean.2004.02.013.
Connolly, S.R., and Baird, A.H. 2010. Estimating dispersal potential for marine
larvae: dynamic models applied to scleractinian corals. Ecology, 91: 3572–
3583. doi:10.1890/10-0143.1. PMID:21302829.
Conover, D.O., and Munch, S.B. 2002. Sustaining fisheries yields over evolution-
ary time scales. Science. 297: 94–96. doi:10.1126/science.1074085. PMID:
12098697.
Cowen, R.K., and Sponaugle, S. 2009. Larval dispersal and marine population
connectivity. Annu. Rev. Mar. Sci. 1: 443–466. doi:10.1146/annurev.marine.
010908.163757.
Davis, H.C., and Chanley, P.E. 1955. Spawning and egg production of oysters and
clams. Proc. Natl. Shellfish. Assoc. 46: 40–58. doi:10.2307/1538972.
Dekshenieks, M.M., Hofmann, E.E., and Powell, E.N. 1993. Environmental effects
on the growth and development of eastern oyster, Crassostrea virginica (Gme-
lin, 1791), larvae: a modeling study. J. Shellfish Res. 12: 241–254.
Dekshenieks, M.M., Hofmann, E.E., Klinck, J.M., and Powell, E.N. 1996. Modeling
the vertical distribution of oyster larvae in response to environmental con-
ditions. Mar. Ecol. Prog. Ser. 136: 97–110. doi:10.3354/meps136097.
Dekshenieks, M.M., Hofmann, E.E., Klinck, J.M., and Powell, E.N. 1997. A model-
ing study of the effects of size- and depth-dependent predation on larval
survival. J. Plankton Res. 19: 1583–1598. doi:10.1093/plankt/19.11.1583.
DiBacco, C., Sutton, D., and McConnico, L. 2001. Vertical migration behavior and
horizontal distribution of brachyuran larvae in a low-inflow estuary: impli-
cations for bay-ocean exchange. Mar. Ecol. Prog. Ser. 217: 191–206. doi:10.3354/
meps217191.
Dugas, R.J. 1988. Administering the Louisiana oyster fishery. J. Shellfish Res. 7:
493–499.
Dunlop, E.S., Shuter, B.J., and Dieckmann, U. 2007. Demographic and evolution-
ary consequences of selective mortality: predictions from an eco-genetic
model for smallmouth bass. Trans. Am. Fish. Soc. 136: 749–765. doi:10.1577/
T06-126.1.
Dunlop, E.S., Enberg, K., Jørgensen, C., and Heino, M. 2009. Toward Darwinian
fisheries management. Evol. Appl. 2: 245–259. doi:10.1111/j.1752-4571.2009.
00087.x.
Enberg, K., Jørgensen, C., Dunlop, E.S., Heino, M., and Dieckmann, U. 2009.
Implications of fisheries-induced evolution for stock rebuilding and recov-
ery. Evol. Appl. 2: 394–414. doi:10.1111/j.1752-4571.2009.00077.x.
Epperson, B.K., McRae, B.H., Scribner, K., Cushman, S.A., Rosenberg, M.S.,
Fortin, M.-J., James, P.M.A., Murphy, M., Manel, S., Legendre, P., and
Dale, M.R.T. 2010. Utility of computer simulations in landscape genetics. Mol.
Ecol. 19: 3549–3564. doi:10.1111/j.1365-294X.2010.04678.x. PMID:20618894.
Fabens, A.J. 1965. Properties and fitting of the Von Bertalanffy growth curve.
Growth, 29: 265–289. PMID:5865688.
Fegley, S.R., Ford, S.E., Kraeuter, J.N., and Haskin, H.H. 2003. The persistence of
New Jersey’s oyster seedbeds in the presence of oyster disease and harvest:
the role of management. J. Shellfish Res. 22: 451–464.
Ford, S.E. 1997. History and present status of molluscan shellfisheries from
Barnegat Bay to Delaware Bay. In The history, present condition, and future
of the molluscan fisheries of North and Central America and Europe, Vol. 1.
1826 Can. J. Fish. Aquat. Sci. Vol. 70, 2013







































































Atlantic and gulf coasts. Edited by C.L. MacKenzie, Jr., V.G. Burrell, Jr.,
A. Rosenfield, and W.L. Hobart. NOAA Tech. Rep. 127. pp. 119–140.
Ford, S.E., and Bushek, D. 2012. Development of resistance to an introduced
marine pathogen by a native host. J. Mar. Res. 70: 205–223. doi:10.1357/
002224012802851922.
Ford, S.E., and Tripp, M.R. 1996. Diseases and defense mechanisms. In The east-
ern oyster: Crassostrea virginica. Edited by R.I.E. Newell and A.F. Eble. Maryland
Sea Grant College, College Park, Md. pp. 581–660.
Ford, S., Powell, E., Klinck, J., and Hofmann, E. 1999. Modeling the MSX parasite
in eastern oyster (Crassostrea virginica) populations. I. Model development,
implementation, and verification. J. Shellfish Res. 18: 475–500.
Frank, B.M., Piccolo, J.J., and Baret, P.V. 2011. A review of ecological models for
brown trout: towards a new demogenetic model. Ecol. Freshw. Fish. 20:
167–198. doi:10.1111/j.1600-0633.2011.00491.x.
Game, E.T., Bode, M., McDonald-Madden, E., Grantham, H.S., and
Possingham, H.P. 2009. Dynamic marine protected areas can improve the
resilience of coral reef systems. Ecol. Lett. 12: 1336–1346. doi:10.1111/j.1461-
0248.2009.01384.x. PMID:19807775.
Gandon, S., and Nuismer, S.L. 2009. Interactions between genetic drift, gene
flow, and selection mosaics drive parasite local adaptation. Am. Nat. 173:
212–224. doi:10.1086/593706. PMID:20374141.
Gårdmark, A., and Dieckmann, U. 2006. Disparate maturation adaptations to
size-dependent mortality. Proc. R. Soc. Ser. B Biol. Sci. 273: 2185–2192. doi:10.
1098/rspb.2006.3562.
Gawarkiewicz, G., Monismith, S., and Largier, J. 2007. Observing larval transport
processes affecting population connectivity: progress and challenges. Ocean-
ography, 20: 40–53. doi:10.5670/oceanog.2007.28.
Goodyear, C.P. 1993. Spawning stock biomass per recruit in fisheries manage-
ment: foundation and current use. Can. Spec. Publ. Fish. Aquat. Sci. 120:
67–81.
Grantham, B.A., Eckert, G.L., and Shanks, A.L. 2003. Dispersal potential of ma-
rine invertebrates in diverse habitats. Ecol. Appl. 13: 108–116. doi:10.1890/1051-
0761(2003)013[0108:DPOMII]2.0.CO;2.
Gunter, G. 1955. Mortality of oysters and abundance of certain associates as
related to salinity. Ecology, 36: 601–605. doi:10.2307/1931298.
Guo, X., Hedgecock, D., Hershberger, W.K., Cooper, K., and Allen, S.K., Jr. 1998.
Genetic determinants of protandric sex in the Pacific oyster, Crassostrea gigas
Thunberg. Evolution, 52: 394–402. doi:10.2307/2411076.
Haidvogel, D.B., Arango, H.G., Hedstrom, K., Beckmann, A., Malanotte-
Rizzoli, P., and Shchepetkin, A.F. 2000. Model evaluation experiments in the
North Atlantic basin: simulations in nonlinear terrain-following coordinates.
Dynam. Atmos. Oceans, 32: 239–281. doi:10.1016/S0377-0265(00)00049-X.
Hard, J.J., Gross, M.R., Heino, M., Hilborn, R., Kope, R.G., Law, R., and
Reynolds, J.D. 2008. Evolutionary consequences of fishing and their implica-
tions for salmon. Evol. Appl. 1: 388–408. doi:10.1111/j.1752-4571.2008.00020.x.
Harding, J.M., Mann, R., Southworth, M.J., and Wesson, J.A. 2010. Management of
the Piankatank River, Virginia, in support of Oyster (Crassostrea virginica,
Gmelin 1791) fishery repletion. J. Shellfish Res. 29: 867–888. doi:10.2983/035.
029.0421.
Haskin Shellfish Research Laboratory. 2012. Report of the 2012 Stock Assessment
Workshop (13th SAW) for the New Jersey Delaware Bay oyster beds. Haskin
Shellfish Research Laboratory, Rutgers University, Port Norris, N.J.
Hayes, P.F., and Menzel, R.W. 1981. The reproductive cycle of early setting
Crassostrea virginica (Gmelin) in the northern Gulf of Mexico, and its implica-
tions for population recruitment. Biol. Bull. 160: 80–88. doi:10.2307/1540902.
Hedgecock, D. 1994. Does variability in reproductive success limit effective pop-
ulation sizes of marine organisms? In Genetics and evolution of aquatic
organisms Edited by A.R. Beaumont. Chapman & Hall, London. pp. 122–134.
Hedgecock, D., Chow, V., and Waples, R.S. 1992. Effective population numbers of
shellfish broodstocks estimated from temporal variance in allelic frequen-
cies. Aquaculture, 108: 215–232. doi:10.1016/0044-8486(92)90108-W.
Heino, M., and Dieckmann, U. 2008. Detecting fisheries-induced life-history evo-
lution: an overview of the reaction-norm approach. Bull. Mar. Sci. 83: 69–93.
Hendry, A.P., Kinnison, M.T., Heino, M., Day, T., Smith, T.B., Fitt, G.,
Bergstrom, C.T., Oakeshott, J., Jørgensen, P.S., Zalucki, M.P., Gilchrist, G.,
Southerton, S., Sih, A., Strauss, S., Denison, R.F., and Carroll, S.P. 2011. Evo-
lutionary principles and their practical application. Evol. Appl. 4: 159–183.
doi:10.1111/j.1752-4571.2010.00165.x.
Hofmann, E.E., Powell, E.N., Klinck, J.M., and Wilson, E.A. 1992. Modeling oyster
populations III. Critical feeding periods, growth and reproduction. J. Shell-
fish Res. 11: 399–416.
Hofmann, E.E., Klinck, J.M., Powell, E.N., Boyles, S., and Ellis, M. 1994. Modeling
oyster populations 2. Adult size and reproductive effort. J. Shellfish Res. 13:
165–182.
Hofmann, E.E., Bushek, D., Ford, S., Guo, X., Haidvogel, D., Hedgecock, D.,
Klinck, J., Milbury, C., Narváez, D., Powell, E., Wang, Y., Wang, Z., Wilkin, J.,
and Zhang, L. 2009. Understanding how disease and environment combine to
structure resistance in estuarine bivalve populations. Oceanography, 22:
212–231. doi:10.5670/oceanog.2009.110.
Hopkins, S.H. 1954. Oyster setting on the Gulf coast. Proc. Natl. Shellfish. Assoc.
45: 52–55.
Hutchings, J.A., and Fraser, D.J. 2008. The nature of fisheries- and farming-
induced evolution. Mol. Ecol. 17: 294–313. doi:10.1111/j.1365-294X.2007.03485.x.
PMID:17784924.
Jackson, J.B.C., Kirby, M.X., Berger, W.H., Bjorndal, K.A., Botsford, L.W.,
Bourque, B.J., Bradbury, R.H., Cooke, R., Erlandson, J., Estes, J.A.,
Hughes, T.P., Kidwell, S., Lange, C.B., Lenihan, H.S., Pandolfi, J.M.,
Peterson, C.H., Steneck, R.S., Tegner, M.J., and Warner, R.R. 2001. Historical
overfishing and the recent collapse of coastal ecosystems. Science, 293: 629–
637. doi:10.1126/science.1059199. PMID:11474098.
Jensen, A.L. 1997. Origin of relation between K and Linf and synthesis of relations
among life history parameters. Can. J. Fish. Aquat. Sci. 54(5): 987–989. doi:10.
1139/f97-007.
Jordan, S.J., and Coakley, J.M. 2004. Long-term projections of eastern oyster
populations under various management scenarios. J. Shellfish Res. 23: 63–72.
Jordan, S.J., Greenhawk, K.N., McCollough, C.B., Vaniskko, J., and Homer, M.L.
2002. Oyster biomass, abundance and harvest in northern Chesapeake Bay:
trends and forecasts. J. Shellfish Res. 21: 733–741.
Jørgensen, C., Enberg, K., Dunlop, E.S., Arlinghaus, R., Boukal, D.S., Brander, K.,
Ernande, B., Gårdmark, A.G., Johnson, F., Matsumura, S., Pardoe, H., Raab, K.,
Silva, A., Vainikka, A., Dieckmann, U., Heino, M., and Rijnsdorp, A.D. 2007.
Ecology: managing evolving fish stocks. Science, 318: 1247–1248. doi:10.1126/
science.1148089. PMID:18033868.
Kendall, N.W., and Quinn, T.P. 2012. Quantifying and comparing size selectivity
among Alaskan sockeye salmon fisheries. Ecol. Appl. 22: 804–816. doi:10.1890/
11-1189.1. PMID:22645812.
Kendall, N.W., Hard, J.J., and Quinn, T.P. 2009. Quantifying six decades of fishery
selection for size and age at maturity in sockeye salmon. Evol. Appl. 2: 523–
536. doi:10.1111/j.1752-4571.2009.00086.x.
Kennedy, V.S. 1983. Sex ratios in oysters, emphasizing Crassostrea virginica from
Chesapeake Bay, Maryland. Veliger, 25: 329–338.
Kennedy, V.S. 1996. Biology of larvae and spat. In The eastern oyster, Crassostrea
virginica, Edited by R.I.E. Newell and A.F. Eble. Maryland Sea Grant College,
College Park, Md. pp. 371–411.
Kraeuter, J.N., Ford, S., and Cummings, M. 2007. Oyster growth analysis: a
comparison of methods. J. Shellfish Res. 26: 479–491. doi:10.2983/0730-
8000(2007)26[479:OGAACO]2.0.CO;2.
Lambert, A. 2010. Population genetics, ecology and the size of populations.
J. Math. Biol. 60: 469–472. doi:10.1007/s00285-009-0286-3. PMID:19657640.
Lamy, T., Pointier, J.P., Jarne, P., and David, P. 2012. Testing metapopulation
dynamics using genetic, demographic and ecological data. Mol. Ecol. 21:
1394–1410. doi:10.1111/j.1365-294X.2012.05478.x. PMID:22332609.
Launey, S., and Hedgecock, D. 2001. High genetic load in the Pacific oyster
Crassostrea gigas. Genetics, 159: 255–265. PMID:11560902.
Law, R. 2007. Fisheries-induced evolution: present status and future directions.
Mar. Ecol. Prog. Ser. 335: 271–277. doi:10.3354/meps335271.
Levin, L.A. 2006. Recent progress in understanding larval dispersal: new direc-
tions and digressions. Integr. Comp. Biol. 46: 282–297. doi:10.1093/icb/icj024.
PMID:21672742.
Lowther, A. (Editor). 2011. Fisheries of the United States 2010. NOAA, NMFS,
Current Fishery Statistics No. 2010. Silver Springs, Md.
MacKenzie, C.L., Jr. 2007. Causes underlying the historical decline in eastern
oyster (Crassostrea virginica Gmelin, 1791) landings. J. Shellfish. Res. 26: 927–
938. doi:10.2983/0730-8000(2007)26[927:CUTHDI]2.0.CO;2.
Mann, R., Burreson, E.M., and Baker, P.K. 1991. The decline of the Virginia oyster
fishery in Chesapeake Bay: considerations for the introduction of a non-
endemic species, Crassostrea gigas (Thunberg, 1793). J. Shellfish. Res. 10: 379–
388.
Metaxas, A. 2001. Behaviour in flow: perspectives on the distribution and disper-
sion of meroplanktonic larvae in the water column. Can. J. Fish. Aquat. Sci.
58(1): 86–98. doi:10.1139/f00-159.
Miller, K.J., Maynard, B.T., and Mundy, C.N. 2009. Genetic diversity and gene flow
in collapsed and healthy abalone fisheries. Mol. Ecol. 18: 200–211. doi:10.1111/
j.1365-294X.2008.04019.x. PMID:19076275.
Munroe, D., Klinck, J., Hofmann, E., and Powell, E.N. 2012. The role of larval
dispersal in metapopulation gene flow: local population dynamics matter.
J. Mar Res. 70: 441–467. doi:10.1357/002224012802851869.
Narváez, D.A., Klinck, J.M., Powell, E.N., Hofmann, E.E., Wilkin, J., and
Haidvogel, D.B. 2012a. Modeling the dispersal of eastern oyster (Crassostrea
virginica) larvae in Delaware Bay. J. Mar. Res. 70: 381–409. doi:10.1357/
002224012802851940.
Narváez, D.A., Klinck, J.M., Powell, E.N., Hofmann, E.E., Wilkin, J., and
Haidvogel, D.B. 2012b. Circulation and behavior controls on dispersal of East-
ern oyster (Crassostrea virginica) larvae in Delaware Bay. J. Mar. Res. 70: 411–
440. doi:10.1357/002224012802851913.
Nusslé, S., Bornand, C.N., and Wedekind, C. 2009. Fishery-induced selection on
an Alpine whitefish: quantifying genetic and environmental effects on indi-
vidual growth rate. Evol. Appl. 2: 200–208. doi:10.1111/j.1752-4571.2008.
00054.x.
Olsen, E.M., Heino, M., Lilly, G.R., Morgan, M.J., Brattey, J., Ernande, B., and
Dieckmann, U. 2004. Maturation trends indicative of rapid evolution pre-
ceded the collapse of northern cod. Nature, 428: 932–935. doi:10.1038/
nature02430. PMID:15118724.
Olsen, E.M., Carlson, S.M., Gjøsaeter, J., and Stenseth, N.C. 2009. Nine decades of
Munroe et al. 1827







































































decreasing phenotypic variability in Atlantic cod. Ecol. Lett. 12: 622–631.
doi:10.1111/j.1461-0248.2009.01311.x. PMID:19453620.
Perry, R.I., Cury, P., Brander, K., Jennings, S., Möllmann, C., and Planque, B. 2010.
Sensitivity of marine systems to climate and fishing: concepts, issues and
management responses. J. Mar. Syst. 79: 427–435. doi:10.1016/j.jmarsys.2008.
12.017.
Pineda, J. 1999. Circulation and larval distribution in internal tidal bore warm
fronts. Limnol. Oceanogr. 44: 1400–1414. doi:10.4319/lo.1999.44.6.1400.
Powell, E.N., and Stanton, R.J. 1985. Estimating biomass and energy-flow of
mollusks in paleo-communities. Palaeontology, 28: 1–34.
Powell, E.N., Gendek, J.J., and Ashton-Alcox, K.A. 2005. Fisherman choice and
incidental catch: size frequency of oyster landings in the New Jersey oyster
fishery. J. Shellfish. Res. 24: 469–476.
Powell, E.N., Ashton-Alcox, K.A., Kraeuter, J.N., Ford, S.E., and Bushek, D. 2008.
Long-term trends in oyster population dynamics in Delaware Bay: regime
shifts and response to disease. J. Shellfish. Res. 27: 729–755. doi:10.2983/0730-
8000(2008)27[729:LTIOPD]2.0.CO;2.
Powell, E.N., Klinck, J.M., Ashton-Alcox, K.A., and Kraeuter, J.N. 2009. Multiple
stable reference points in oyster populations: biological relationships for the
eastern oyster (Crassostrea virginica) in Delaware Bay. Fish. Bull. 107: 109–132.
Powell, E.N., Klinck, J.M., and Hofmann, E.E. 2011a. Generation time and the
stability of sex-determining alleles in oyster populations as deduced using a
gene-based population dynamics model. J. Theor. Biol. 271: 27–43. doi:10.1016/
j.jtbi.2010.11.006.
Powell, E.N., Morson, J., and Klinck, J.M. 2011b. Application of a gene-based
population dynamics model to the optimal egg size problem: why do bivalve
planktotrophic eggs vary in size? J. Shellfish. Res. 30: 403–423. doi:10.2983/
035.030.0228.
Powell, E.N., Klinck, J.M., Guo, X., Ford, S.E., and Bushek, D. 2011c. The potential
for oysters Crassostrea virginica to develop resistance to dermo disease in the
field: evaluation using a gene-based population dynamics model. J. Shellfish.
Res. 30: 685–712. doi:10.2983/035.030.0310.
Powell, E.N., Klinck, J.M., Guo, X., Hofmann, E.E., Ford, S.E., and Bushek, D. 2012.
Can oysters Crassostrea virginica develop resistance to dermo disease in the
field: the impediment posed by climate cycles. J. Mar. Res. 70: 309–355.
doi:10.1357/002224012802851896.
Powell, E.N., Morson, J.M., Ashton-Alcox, K.A., and Kim, Y. 2013 Accommodation
of the sex ratio in eastern oysters Crassostrea virginica to variation in growth
and mortality across the estuarine salinity gradient in Delaware Bay. J. Mar.
Biol. Assoc. U.K. 93: 533–555. doi:10.1017/S0025315412000215.
Press, W.H., Flannery, B.P., Teukolsky, S.A., and Vettering, W.T. 1986. Numerical
recipes, the art of scientific computing. Cambridge University Press, Cam-
bridge.
R Development Core Team. 2007. R: a language and environment for statistical
computing [online]. R Foundation for Statistical Computing, Vienna. ISBN3-
900051-07-0. Available from http://www.R-project.org.
Ricker, W.E. 1981. Changes in the average size and average age of Pacific salmon.
Can. J. Fish. Aquat. Sci. 38(12): 1636–1656. doi:10.1139/f81-213.
Rothschild, B.J., and Shannon, L.J. 2004. Regime shifts and fishery management.
Prog. Oceanogr. 60: 397–402. doi:10.1016/j.pocean.2004.02.010.
Rothschild, B.J., Ault, J.S., Golletquer, P., and Héral, M. 1994. Decline of the
Chesapeake Bay oyster population: a century of habitat destruction and over-
fishing. Mar. Ecol. Prog. Ser. 111: 29–39. doi:10.3354/meps111029.
Sanford, E., and Kelly, M.W. 2011. Local adaptation in marine invertebrates.
Annu. Rev. Mar. Sci. 3: 509–535. doi:10.1146/annurev-marine-120709-142756.
Sattar, S.A., Jørgensen, C., Fiksen, Ø . 2008. Fisheries-induced evolution of energy
and sex allocation. Bull. Mar. Sci. 83: 235–250.
Scheffer, M., and Carpenter, S.R. 2003. Catastrophic regime shifts in ecosystems:
linking theory to observation. Trends Ecol. Evol. 18: 648–656. doi:10.1016/j.
tree.2003.09.002.
Shanks, A.L., and Brink, L. 2005. Upwelling, downwelling, and cross-shelf trans-
port of bivalve larvae: test of a hypothesis. Mar. Ecol. Prog. Ser. 302: 1–12.
doi:10.3354/meps302001.
Sharpe, D.M.T., and Hendry, A.P. 2009. Life history change in commercially
exploited fish stocks: an analysis of trends across studies. Evol. Appl. 2:
260–275. doi:10.1111/j.1752-4571.2009.00080.x.
Shchepetkin, A.F., and McWilliams, J.C. 2005. The regional oceanic modeling
system (ROMS): a split-explicit, free-surface, topography-following-coordinate oce-
anic model. Ocean Modell. 9: 347–404. doi:10.1016/j.ocemod.2004.08.002.
Soletchnik, P., Ropert, M., Mazurié, J., Fleury, P.G., and Le Coz, F. 2007. Relation-
ships between oyster mortality patterns and environmental data from mon-
itoring databases along the coasts of France. Aquaculture, 271: 384–400.
doi:10.1016/j.aquaculture.2007.02.049.
Swain, D.P., Sinclair, A.F., and Hanson, J.M. 2007. Evolutionary response to size-
selective mortality in an exploited fish population. Proc. R. Soc. Ser. B Biol.
Sci. 274: 1015–1022. doi:10.1098/rspb.2006.0275.
Walsh, M.R., Munch, S.B., Chiba, S., and Conover, D.O. 2006. Maladaptive
changes in multiple traits caused by fishing: impediments to population
recovery. Ecol. Lett. 9: 142–148. doi:10.1111/j.1461-0248.2005.00858.x. PMID:
16958879.
Wang, H.-Y., and Höök, T.O. 2009. Eco-genetic model to explore fishing-induced
ecological and evolutionary effects on growth and maturation schedules.
Evol. Appl. 2: 438–455. doi:10.1111/j.1752-4571.2009.00088.x.
Wang, Y., Wang, A., and Guo, X. 2010. Development and characterization of
polymorphic microsatellite markers for the northern quahog Mercenaria
mercenaria (Linnaeus, 1758). J. Shellfish. Res. 29: 77–82. doi:10.2983/035.029.0130.
Wang, Z., Haidvogel, D., Bushek, D., Ford, S., Hofmann, E.E., Powell, E.N., and
Wilkin, J. 2012. Circulation and water properties and their relationship to the
oyster disease, MSX, in Delaware Bay. J. Mar. Res. 70: 279–308. doi:10.1357/
002224012802851931.
Weijerman, M., Lindeboom, H., and Zuur, A.F. 2005. Regime shifts in marine
ecosystems of the North Sea and Wadden Sea. Mar. Ecol. Prog. Ser. 298: 21–39.
doi:10.3354/meps298021.
Wilberg, M.J., Livings, M.E., Barkman, J.S., Morris, B.T., and Robinson, J.M. 2011.
Overfishing, disease, habitat loss, and potential extirpation of oysters in
upper Chesapeake Bay. Mar. Ecol. Prog. Ser. 436: 131–144. doi:10.3354/
meps09161.
Wilson-Ormond, E.A., Powell, E.N., and Ray, S.M. 1997. Short-term and small-
scale variation in food availability to natural oyster populations: food, flow
and flux. Mar. Ecol. 18: 1–34. doi:10.1111/j.1439-0485.1997.tb00424.x.
Yoneda, M., and Wright, P.J. 2004. Temporal and spatial variation in reproduc-
tive investment of Atlantic cod Gadus morhua in the northern North Sea
and Scottish west coast. Mar. Ecol. Prog. Ser. 276: 237–248. doi:10.3354/
meps276237.
Yoo, S.K., and Yoo, M.S. 1972. Biological studies on oyster culture (II) morpholog-
ical characteristics of the oyster, Crassostrea gigas. Bull. Korean Fish. Soc. 6:
65–75.
Zhang, L., and Guo, X. 2010. Development and validation of single nucleotide
polymorphism markers in the eastern oyster Crassostrea virginica Gmelin by
mining ESTs and resequencing. Aquaculture, 302: 124–129. doi:10.1016/j.
aquaculture.2010.02.012.
Zu Ermgassen, P.S.E., Spalding, M.D., Blake, B., Coen, L.D., Dumbauld, B.,
Geiger, S., Grabowski, J.H., Grizzle, R., Luckenbach, M., McGraw, K.,
Rodney, W., Ruesink, J.L., Powers, S.P., and Brumbaugh, R. 2012. Historical
ecology with real numbers: past and present extent and biomass of an im-
periled estuarine habitat. Proc. R. Soc. Ser. B Biol. Sci. 279: 3393–3400. doi:
10.1098/rspb.2012.0313.
1828 Can. J. Fish. Aquat. Sci. Vol. 70, 2013







































































This article has been cited by:
1. DM Munroe, EN Powell, SE Ford, EE Hofmann, JM Klinck. 2015. Outcomes of asymmetric selection pressure and larval dispersal
on evolution of disease resistance: a metapopulation modeling study with oysters. Marine Ecology Progress Series 531, 221-239.
[CrossRef]
2. Kevin D. Lafferty, C. Drew Harvell, Jon M. Conrad, Carolyn S. Friedman, Michael L. Kent, Armand M. Kuris, Eric N. Powell,
Daniel Rondeau, Sonja M. Saksida. 2015. Infectious Diseases Affect Marine Fisheries and Aquaculture Economics. Annual Review
of Marine Science 7, 471-496. [CrossRef]
3. Thomas M. Soniat, Nathan Cooper, Eric N. Powell, John M. Klinck, Mahdi Abdelguerfi, Shengru Tu, Roger Mann, Patrick D.
Banks. 2014. Estimating Sustainable Harvests of Eastern Oysters, Crassostrea virginica. Journal of Shellfish Research 33, 381-394.
[CrossRef]
C
an
. J
. F
is
h.
 A
qu
at
. S
ci
. D
ow
nl
oa
de
d 
fr
om
 w
w
w
.n
rc
re
se
ar
ch
pr
es
s.
co
m
 b
y 
O
L
D
 D
O
M
IN
IO
N
 U
N
IV
E
R
SI
T
Y
 o
n 
07
/3
0/
15
Fo
r 
pe
rs
on
al
 u
se
 o
nl
y.
 
